In this study, we examined the extent to which between-species leaf size variation relates to variation in the intensity of leaf production in herbaceous angiosperms. Leaf size variation has been most commonly interpreted in terms of biomechanical constraints (e.g. affected by plant size limitations) or in terms of direct adaptation associated with leaf size effects in optimizing important physiological functions of individual leaves along environmental gradients (e.g. involving temperature and moisture). An additional interpretation is explored here, where adaptation may be more directly associated with the number of leaves produced and where relatively small leaf size then results as a trade-off of high 'leafing intensity'-i.e. number of leaves produced per unit plant body size.
INTRODUCTION
Why are there so many different sizes of leaves in herbaceous angiosperms? From the giant leaf of Arctium minus Schk. to the tiny leaves of Cerastium vulgatum L., the range of leaf sizes within a single meadow can vary by more than four orders of magnitude (present study). One explanation relates to biophysical support constraints; a small species like C. vulgatum simply cannot support the large leaf size found in A. minus. Because bending movement of a cantilevered beam increases with the cube of its length as the mass becomes located further from the axis of bending, larger leaves would be expected to require disproportionately more biomass for support structures (Niinemets et al. 2006 , Niinemets et al. 2007a , Niinemets et al. 2007b ). For the same reason, the relationship between leaf area and leaf mass is generally allometric; i.e. because of greater support requirements in larger leaves, light-capturing surface area increases less per unit of increase in leaf mass, which constrains maximum leaf size (Milla and Reich 2007 , Niklas et al. 2007 , Poorter and Rozendaal 2008 .
Most previous interpretations of between-species leaf size variation have been based on adaptive interpretations of leaf size, i.e. the relative size of a species' leaf is considered to confer a direct fitness benefit, e.g. in terms of adaptation to herbivory (Brown and Lawton 1991 , Diaz et al. 2001 , Moles and Westoby 2000 , or as a product of optimizing selection for traits involved in photosynthesis, gas exchange, energy flux and/or water use efficiency that are affected by leaf size (e.g. Givnish and Vermeij 1976 , Parkhurst and Loucks 1972 , Zwieniecki et al. 2004 . Numerous studies along environmental gradients have reported smaller leaved species in association with increased irradiance, decreased moisture, increased temperature and increased elevation (which affects aridity) (e.g. Cowling and Campbell 1980 , Dale and Causton 1992 , Gamperle and Schneller 2002 , Geller and Smith 1982 , Lambrecht and Dawson 2007 , Lee et al. 1986 , McDonald et al. 2003 . Such correlations have been used in predictive models to infer past climatic conditions based on the fossil record (e.g. Glasspool et al. 2004 , Jacobs 2002 , Royer et al. 2005 .
There is no reason to doubt these traditional interpretations, but there is also an additional and largely overlooked explanation for between-species leaf size variation: variation in leaf size may be a product of a trade-off with variation in the number of leaves produced-in other words, species that have high 'leafing intensity' (i.e. produce many leaves per unit of shoot growth) will necessarily have relatively small leaves (Kleiman and Aarssen 2007) . The appeal of this interpretation lies in its simplistic inevitability-the same kind of inevitability (for interpreting life history) that characterizes the seed size/number trade-off in plants, i.e. species that produce relatively large seeds must necessarily produce relatively few seeds per unit plant body size (Aarssen and Jordan 2001) . Recent studies on woody species have reported negative isometric relationships for leaf size, where most (90-99%) of the between-species variation in individual leaf size can be accounted for by variation in the number of leaves produced per unit growth of leaf-bearing shoots (Kleiman and Aarssen 2007 , Milla 2009 , Ogawa 2008 , Yang et al. 2008 . According to the 'leafing intensity premium' hypothesis (Kleiman and Aarssen 2007) , relatively small leaf size need not be particularly adaptive per se; it may, to a significant extent, be a product of the trade-off associated with adaptive significance linked to high leafing intensity. Since each leaf is normally associated with an axillary meristem, a measure of leafing intensity is commensurate with a measure of meristem production intensity or a measure of 'bud bank' size per unit plant body size. Since each axillary meristem has potential to produce a new shoot or a flower, a large bud bank should provide the potential for high relative phenotypic and reproductive plasticity (Bonser and Aarssen 1996) .
In the present study, we examine whether the leaf size/ number trade-off reported previously for woody species applies also to herbaceous angiosperms. Further, we predict that a large bud bank (through high leaf/meristem production intensity) should be particularly advantageous for smaller species because of their general disadvantage in competition, especially for light within multi-species vegetation. In addition, many small species are opportunistic ruderals, where fitness is typically promoted by high reproductive effort that may in turn be promoted by a large bud bank available for deployment of meristems as flowers. Accordingly, we tested the prediction that species with smaller plant body size should have higher leafing intensity.
MATERIALS AND METHODS
Species of herbaceous angiosperms ranging widely in leaf size were collected from natural populations in southern Ontario, Canada, in the vicinities of Queen's University and the Queen's University Biological Station near Kingston, Ontario (44°16#N, 76°30#W), the Royal Botanical Gardens in Hamilton, Ontario (43°16#N, 79°54#W) and the Agriculture and Agri-Food Canada Research Station in Harrow, Ontario (42°02#N, 82°54#W). A total of 127 species from 31 families were included (Appendix). Collection sites spanned a wide range of habitat types, including woodlands, meadows, farm fields, lakeshores, marshes, roadsides and other disturbed habitats. As many species were sampled as time permitted within the growing season. Since leaf size variation was of specific interest, care was taken to include species with the largest and smallest leaves that could be found. Sampling focussed on dicots because of their wide variation in leaf size and architecture and because of their more discrete leaf size at maturity; hence, grasses-where young leaves are often not visible and hence difficult to count-were specifically excluded from sampling. Cultivated species were not collected, and vines were avoided because of difficulty in collecting entire plants. Clonal species were generally avoided unless it was possible to easily distinguish individuals as distinct 'rooted units' (Aarssen 2008 ) based on minor soil excavation (this is another reason why grasses were impractical to collect). Aside from these criteria, species were sampled as they were encountered based on their availability and ease of access to local populations within the study region.
For each species, three to five replicate plants were collected, depending on local abundance and specimen quality. Only reproductive individuals (showing flower buds, flowers or fruits) were selected to ensure that the plants had attained typical adult size, as well as to aid in positive identification; otherwise, plants were selected randomly from within the local population of each species. Each plant's height (maximum vertical extent) was measured and the entire above-ground biomass from the rooted unit was collected and transported to the laboratory. Samples were stored in a freezer until processing was possible.
For each sampled plant, the total number of leaves produced was determined by counting intact green leaves, dead (withered or brown) leaves and leaf scars (representing lost leaves) associated with the current year's shoot growth. The intact green leaves (including petioles) were collected and dried at 60°C for at least 48 hours, after which their total mass was recorded and mean dry mass per leaf was calculated. Total per-plant leaf dry mass was adjusted to take account of lost leaves (indicated by leaf scars). Dry mass was also recorded for all remaining (non-leaf) above-ground tissue. The vast majority of this was supporting shoot biomass but also included some reproductive biomass (the latter was not recorded separately because of the inordinate time required to separate it). Leafing intensity, analogous to Kleiman and Aarssen's (2007) measure, was calculated as the total number of leaves divided by the total biomass of supporting tissue-i.e. the total remaining (non-leaf) above-ground biomass.
To assess the effect of phylogeny on the leaf size/number trade-off, we constructed a phylogenetic tree based on the family-level phylogeny of Stevens (2001) , developed from work of the Angiosperm Phylogeny Group. Published data on phylogenies were used to resolve the tree from the family level to genus level, and where these were not available for the species of interest, taxonomic groups were assumed to be monophyletic and used as a surrogate for phylogeny (Garland et al. 1992) . Where more than one species shared a genus, mean trait values were assigned. The full tree is given in the supporting information (See online supplementary material). All tree branch lengths were set at 1.0. Unresolved nodes in the phylogeny were left as soft polytomies. Consequently, we opted for a conservative approach when testing hypotheses with independent contrasts, subtracting one degree of freedom for each unresolved branch Diaz-Uriarte 1999, Purvis and Garland 1993) . To test for the statistical adequacy of branch lengths, we performed the diagnostic analyses suggested by Garland et al. (1992) . We computed standardized contrasts for log (leafing intensity) and log (mean leaf mass) across species using phylogenetically independent contrasts using the PDTREE module of the phenotypic diversity analysis programs (Midford et al. 2005) with Mesquite software (Maddison and Maddison 2006) .
RESULTS
Smaller species produce both fewer leaves and smaller leaves, but the proportion of total above-ground biomass allocated to leaves is not related to variation in plant body size between species; i.e., total leaf biomass decreases significantly (P < 0.001) but proportionately with decreasing remaining (nonleaf) above-ground biomass (Fig. 1a ). In addition, number of leaves decreases proportionately with decreasing remaining above-ground plant mass across species (Fig. 1b , r 2 = 0.174, P < 0.001; similar results were obtained with total above-ground plant mass (including leaves): r 2 = 0.144, P < 0.001). Individual leaf mass also decreases proportionately with decreasing remaining above-ground plant mass across species (Fig. 1c , r 2 = 0.277; similar results were obtained with total aboveground plant mass: r 2 = 0.344, P < 0.001).
However, much more of the between-species variation in individual leaf mass is explained by variation in leafing intensity-i.e. number of leaves divided by remaining aboveground plant mass ( Fig. 2a , r 2 = 0.879; similar results were obtained with number of leaves divided by total above-ground plant mass: r 2 = 0.95, P < 0.001). Mean individual leaf mass decreases significantly (P < 0.001) and proportionately (slope, Log [total non-leaf above-ground biomass (µg)] Figure 1 : relationships between leaf traits and plant body size for 127 species of herbaceous angiosperms: (a) log (total leaf mass) versus log (total non-leaf above-ground biomass); (b) log (number of leaves) versus log (total non-leaf above-ground biomass); (c) log (mean individual leaf mass) versus log (total non-leaf above-ground biomass). Arrow in (c) points to Aster ericoides (see text). Lines are from reduced major axis (RMA) regression analyses; m = RMA slope; t and associated P values test for deviation from the null hypothesis of m = 1.0 (isometry). m = À1.02) across species with increasing leafing intensity in an isometric trade-off relationship (t-test, m is not significantly different from À1.0, P = 0.81) ( Fig. 2a ). This is also reflected in a least squares multiple regression analysis, where 89% of the between-species variation in log (mean individual leaf mass) is explained by log (number of leaves) and log (remaining above-ground plant mass) used as predictor variables (Fig. 3 ). The negative relationship between leaf mass and leafing intensity remained strongly negative after incorporating phylogenetic history among the plant species through the phylogenetically independent contrasts (r 2 = 0.59, P < 0.0001). Accordingly, the isometric leaf size/number trade-off detected for the full data set ( Fig. 2a ) is also evident for just the 40 species within the composite family ( Fig. 2b , r 2 = 0.882) and also for the overall means for each of the 31 families ( Fig. 2c , r 2 = 0.657) (where, for each family, the overall family mean of all the per-species leaf sizes was plotted against the overall family mean leafing intensity, calculated as the overall family mean of all the per-species number of leaves divided by the overall family mean of all the per-species remaining above-ground plant mass).
Smaller species had higher leafing intensity (Fig. 4 , r = À0.663, P < 0.001). This is also reflected in the almost significant (P = 0.09) allometric relationship in the simple linear regression between number of leaves and remaining above-ground plant mass (Fig. 1b ). Smaller species, therefore, produce more leaves, and hence more axillary meristems, than predicted by their above-ground (non-leaf) body size (Figs 1b and 4) . Note log scales. Dashed line is shown only to indicate where observed is equal to predicted. The scaling coefficient for remaining plant mass (m = 0.841) is not significantly different from 1.0 (t-test, P = 0.0961), but the scaling coefficient for number of leaves (n = À1.126) is significantly different from À1.0 (t-test, P = 0.0112).
DISCUSSION
The vast majority of plant species have relatively small leaves (e.g. Kleiman and Aarssen 2007 , Ogawa 2008 , Yang et al. 2008 , including the herbaceous angiosperms sampled in the present study (Fig. 5a ). This necessarily means that the vast majority of speciation events over evolutionary time have involved the origination of new species with small leaves. To a large extent, this can be accounted for by the fact that the vast majority of plant species are themselves relatively small (Aarssen et al. 2006) ; for biomechanical reasons, relatively small species must necessarily have relatively small leaves [and also relatively small seeds/fruits (Aarssen 2005) ]. The preponderance of both small plants and small leaves may be in part a consequence of the 'left-wall' effect-i.e. the sizes of everything must be greater than zero (there can be no negative values) (Aarssen et al. 2006 ). Importantly, however, only 28% of the between-species variation in leaf size in our data is accounted for by variation in plant body size, and so many relatively large species also have relatively small leaves; e.g. of the 127 study species, Aster ericoides L. (arrow in Fig. 1c ) is the 20th largest in body size but the 7th smallest in leaf size. Relatively small leaf size, therefore, is also likely to be associated with particular fitness advantages (irrespective of plant body size), and most previous studies have interpreted these in terms of how a particular leaf size may optimize important physiological functions of individual leaves in particular environments (Whitfield 2006) . Accordingly, the preponderance of small-leaved species might be accounted for by an 'adaptive leaf size' hypothesis-i.e. most habitats for land plants (globally over evolutionary time) have/ had environmental conditions for which adaptation is conferred through physiological optimization associated directly with relatively small leaf size (Kleiman and Aarssen 2007) .
In the present study, however, we consider an additional possible explanation for the preponderance of species with relatively small leaf size-in terms of the proposed adaptive advantages associated with relatively high leafing intensity (the leafing intensity premium hypothesis)-i.e. most habitats (globally over evolutionary time) have/had environmental conditions for which adaptation is conferred through effects associated 'indirectly' with relatively small leaf size. According to this hypothesis, relatively small leaf size allows the production of many leaves per unit plant body size, which confers important fitness advantages associated with a large bud bank-i.e. a large number of axillary meristems per unit plant body size (Kleiman and Aarssen 2007) . This last interpretation has been largely overlooked in traditional interpretations of between-species leaf size variation, and our results provide, to the best of our knowledge, the first reported empirical evidence for a leaf size/number trade-off in herbaceous angiosperms. As reported previously for woody species (Kleiman and Aarssen 2007) , a very large percentage (88%) of the between-species variation in individual leaf mass in herbaceous angiosperms can be explained by a negative isometric relationship with leafing intensity (Fig. 2a) .
Several potential adaptive advantages of high leafing intensity require further study. For example, by spreading out leaf tissue over a greater number of discrete units, higher leafing intensity may reduce leaf tissue loss from insect herbivory; having more (and hence smaller) leaves may increase the probability that some leaves will remain unoccupied, thus minimizing total herbivore damage (Brown and Lawton 1991) . This could be particularly important in shorter lived herbaceous species compared with longer lived woody species since the latter will generally have more future growing seasons within which to recover from leaf tissue loss in any given season.
More generally, according to the leafing intensity premium hypothesis, because each leaf is normally associated with an axillary meristem/bud, the fitness advantage of relatively high leafing intensity is associated with a relatively large bank of available meristems (buds) per unit plant body size available for deployment as modules for growth (vegetative shoots) and/or reproduction (flowers). In some woody species, a large meristem/bud bank may be important for replacing shoots lost from physical damage, e.g. ice or snow loads (Vesk and Westoby 2004) , or for producing a high density of shoots that may function as a 'windbreak', thus reducing the average wind force exerted on any given shoot.
We propose that a large meristem/bud bank provides a particularly important fitness advantage for relatively small species. Accordingly, we tested and found support for the prediction that species with smaller body size generally have higher leafing intensity (Fig. 4) . Hence, smaller species generally make both smaller leaves (Fig. 1c ) and fewer leaves (Fig. 1b) , but importantly, they produce more leaves (and hence more meristems/buds) per unit plant body size (Fig. 4) . This is a novel finding for herbaceous species. Yang et al. (2008) reported a parallel relationship for woody plants, where species with smaller individual (annually produced) twig mass had both smaller individual leaves and greater leafing intensity on these annual twigs. The latter can be predicted based on biomechanical constraints associated with large leaf size (Yang et al. 2008) ; i.e. a species that benefits from producing a relatively large leaf must also produce a relatively large twig in order to support it-Corner's rule (Corner 1949) . A similar interpretation may apply to our herbaceous species; in other words, a selection premium may be linked to fitness benefits (e.g. through physiological optimization) associated with large leaf size, which, in turn, requires a relatively large plant body size in order to physically support large leaves. Traditional theory also suggests that large plant size is essential for success in competition for light, and this is commonly facilitated by strong apical dominance, which need not necessarily require a large bud bank.
However, relatively few plant species are capable of growing to large/tall sizes; the vast majority of species (including resident species in crowded vegetation) are relatively small (Aarssen et al. 2006 )-and moreover, even within a single population, the vast majority of resident plants (including reproductive ones) are forced to be suppressed weaklings (Chambers and Aarssen 2009) . It is in this context where we speculate that the larger bud bank of smaller species may confer important fitness benefits. Specifically, we propose that the higher capacity for meristem production per unit plant size (i.e. the larger bud bank conferred by higher leafing intensity) in smaller herbaceous species may play an important role in promoting greater 'reproductive economy' in smaller species (Aarssen 2008 )-i.e. their ability to leave at least some descendants in crowded vegetation despite their size disadvantage and/or in disturbed habitats despite limited time available for growth (e.g. in opportunistic ruderal species).
Accordingly, we suggest two main predictions for testing in future research: First, a larger meristem bank per unit plant size provides greater probability that, even when severely suppressed in size (e.g. because of competition with larger species or larger plants of the same species), a small species will still possess at least some axillary meristems that can be deployed for reproduction, thus maximizing 'fecundity allocation' for smaller species-i.e. a capacity to produce more offspring per unit plant size per unit time (Aarssen 2005 (Aarssen , 2008 . This could account for the results of recent research showing that, under the most crowded conditions in herbaceous vegetation, most of the total offspring production within a population that is available to form the next generation routinely comes from the collection of resident plants that belong to relatively small size classes (Chambers and Aarssen 2009) .
Second, we also predict that a larger meristem/bud bank per unit plant size may allow greater architectural plasticity for smaller species in responding to variation in light availability, thus allowing optimal shoot and leaf placement for maximizing light interception when this is affected by competition from larger neighbouring species. If smaller species suffer disproportionately due to shading within multi-species vegetation, a relatively large meristem/bud bank may provide greater potential to produce shoots (and hence flowers) opportunistically in order to take advantage of light patches available through the canopy of larger neighbouring species, especially if these smaller species are also relatively shade tolerant (Kleiman and Aarssen 2007) . These suggestions all represent testable predictions for future research.
Note that because most species have relatively small leaves (i.e. with a right-skewed leaf size distribution), this does not mean that most species will also have relatively high leafing intensity (with a left-skewed leafing intensity distribution). Indeed both traits have a right-skewed frequency distribution ( Fig. 5 ) (see also Milla 2009 ). This seems paradoxical given that the two traits have a highly significant negative relationship (Fig. 2) . The two traits do indeed co-vary negatively, but in a 'proportional' fashion, where changes involve orders of magnitude-i.e. both traits have a log-normal distribution and so both traits (in Fig. 2) necessarily cluster relatively close to the origin on untransformed axes (not shown). Accordingly, it is mathematically inevitable that when a relatively 'small' quantity (e.g. of leaf mass or leafing intensity) is decreased (or increased) by an order of magnitude (310), the absolute numerical difference will be much smaller than the absolute numerical difference that results when a relatively 'large' quantity (of leafing intensity or leaf mass, respectively) is increased (or decreased, respectively) by the same order of magnitude (i.e. 310).
Nevertheless, a critical question remains: if high leafing intensity confers important general fitness advantages, why then do most species not have relatively high leafing intensity (Fig. 5b) ? We offer the following speculation: According to fossil evidence, the first leaves produced by early vascular plants were extremely small, beginning as outgrowths of the epidermis with eventual vascularization (Scagel et al. 1965) . The conventional view is that leaf production was favoured by natural selection because of optimality benefits in terms of light interception and gas exchange associated with an increased ratio of photosynthetic surface area to tissue volume (Scagel et al. 1965) . However, at some unknown point in this evolution, the leaf became intricately and predictably associated with a meristem-or vice versa-and so in the contemporary angiosperm flora, leaf production virtually always involves corresponding production of a bud bank of axillary meristems (Bell 1991) . Consequently, as leaf size increased from zero over evolutionary time, eventually the plant-level gain from ever-larger leaves (associated with photosynthetic surface area/gas exchange benefits) would have been offset by plant-level limitation on bud bank size, resulting from concomitant reduction in leafing intensity. At the same time, natural selection could not be expected to maximize leafing intensity since extremely high leafing intensity (requiring extremely tiny leaves) would incur costly compromises in terms of photosynthetic surface area/gas exchange per unit plant body size.
The leafing intensity premium hypothesis predicts that this fundamental trade-off operating over evolutionary time has settled on a relatively small optimum leaf size for the vast majority of extant species because of the substantial leafing intensity (and hence bud bank size, with its attendant fitness advantages) that can be realized only when leaf size is relatively small. Importantly, however, because extremely few species would be expected to have extremely tiny leaves, it necessarily follows that very few species will have extremely high leafing intensity (because the latter is possible only with extremely tiny leaves)-thus accounting for the right-skewed species frequency distribution for leafing intensity (Fig. 5b) . Accordingly, the fact that most species do not have relatively high leafing intensity is just a consequence of the way in which leaf size and leafing intensity are scaled (i.e. proportionately) and does not invalidate the principal assumption of the leafing intensity premium hypothesis-that between-species leaf size distribution is, to a large extent, accounted for in terms of the trade-off resulting from natural selection associated with fitness benefits affected by leafing intensity/bud bank size (Kleiman and Aarssen 2007) .
In conclusion, we propose that the leaf size/number tradeoff and other fundamental trade-offs (e.g. Shipley et al. 2006) are likely to provide important new predictor variables for understanding between-species patterns of variation in leaf traits (Wright et al. 2004) . Most interpretations of these relationships have involved the economics of the physical and biochemical properties of individual leaves (Whitfield 2006) . Leafing intensity, however, is a whole-plant morphological trait that provides remarkable explanatory power in accounting for a fundamental pattern of leaf trait variation-it explains the vast majority (;90% or more) of between-species leaf size variation in both woody species (Kleiman and Aarssen 2007 , Ogawa 2008 , Yang et al. 2008 and herbaceous angiosperms (this study). Leafing intensity represents the plant's level of investment in a bank of meristems that can be deployed for potentially flexible strategies of allocation to growth versus reproduction. Our data suggest that high leafing intensity is likely to be particularly important in defining the life history strategies of relatively small species, and future studies are required to quantify the fitness components associated with high leafing intensity.
